fact that experiments have any outcomes at all. In Heisenberg's words: "it is the 'factual' character of an event describable in terms of the concepts of daily life which is not without further comment contained in the mathematical formalism of quantum theory, and which appears in t h e Copenhagen interpretation by the introduction of the observer."' The interpretation to which Heisenberg refers is mainly t h e work o f Niels Bohr, o n e of t h e founders of quantum mechanics. It was the orthodoxy for several decades, but here too the situation is quickly changing, or it has already changed; little is left of it today.
It is necessary to make some preliminary remarks on the structure of quantum mechanics. A fundamental concept is the state, in many ways the analog of the classical state, which is an exhaustive specification of all the properties which a system has, which then changes in time according to the dynamical equations of motion. For the quantum case too there are equations of motion, called the unitary dynamics, which are linear, deterministic, local and covariant. "Covariance7' means that the dynamics respects the space-time symmetries; "local7' means, roughly speaking, that there is no action-at-a-distance, unless that is put in explicitly with the force-laws, just as in classical mechanics. "Linearity" means that given two quite different states, each a solution of the equations of motion, the sum of the two states (with arbitrary coefficients) is also a solution. From a mathematical point of view, this is at the heart of the measurement problem; it is called "the superposition principle." In this respect quantum mechanics resembles a classical wave theory.
This dynamics is the central object of study throughout quantum physics; for example, it is what particle physics or grand-unified theory is concerned with. In these respects the situation is not so different from classical physics.
But when it comes to the statement of how the quantum state is related to anything that can be observed, there is an important difference; here the socalled "measurement postulates" must be used, according to which the state is to be written as a list of numbers (hence as a vector), each of which gives the probability of a particular experimental outcome. The same list can be rewritten in a number of ways, corresponding to the different types of experiments that can be performed, so that "type of experiment" resembles the choice of a coordinate system in elementary vector calculus. This is the only parallel that we have with anything in classical physics. Further, the state itself must be "prepared"; it is associated with a single experiment, called a "state-preparation device." Putting the two together, we say that the state can be considered as a list of "transition amplitudes" from a particular preparation device to sets of experiment outcomes.
In summary, although the state seems to describe the properties of atoms and electrons and so on, in a way not so different from classical physics; and although it undergoes a complicated and interesting dynamical development in time, again similar to the classical state; it nevertheless also seems to make reference to experiments that we do or might perform, and the probabilities of the various outcomes of these experiments.
What I have said so far is entirely uncontroversial. So far we have a kind of "minimal" interpretation of the formalism, necessary for any application of quantum mechanics whatsoever. The state is on the one hand bound up with the microscopic system, and on the other with probabilities of measurement outcomes. At this point the problem of measurement is foreshadowed by the simple query as to how the two are related.
Instrumentalism

NE RESPONSE IS T O ELIMINATE ALTOGETHER T H E REF-
erence to the microscopic system. The state is only a list of numbers relating a preparation device with the probabilities of measurement outcomes, the particular list depending on the kind of final measurement considered. This is clearly a form of instrumentalism, particularly on the understanding that, as goes the rest of the formalism, there are only mathematical statements concerning certain sorts of symmetries for these transition amplitudes. The theory has the character of a "symbolic calculus," a phrase often used by Bohr, for defining probabilistic relations between the instrument settings of experiments. Some physicists have advocated such a view, usually as a kind of fallback position, in the face of difficulties that arise on any richer conception of what quantum mechanics is about? We should understand Bohr's remark in this vein: "there is no quantum mechanical reality." The position is, however, quite different from Bohr's.
On this instrumentalist interpretation, we do not also have to deny that there is any substructure to matter at all. We might acknowledge that there is some sort of microscopic reality, but that we cannot say what it is. The state only amounts to a summary of the statistical relations between pairs of experiments (preparation and detec- what is this other way? Failing a response to this, it becomes the methodological query: why not simply describe the probabilistic experimental events explicitly, in terms of some sort of random stochastic process? Better still, why not reformulate quantum mechanics as a theory about the macroscopic, regarding "experiments" as simply one sort of (probabilistic) dynamical process among others?
With this the instrumentalism is unmasked as something much closer to a form of idealism; for the measurement postulates d o not say "given such-andsuch a macroscopic process, the probability of ...." but only "given an experiment to measure -, the probability of. .." where "-" is the name of a purely formal mathematical construction, or else designates other objects of the form "an experiment to measure -."
If we did know how to characterize an experiment as one sort of dynamical process among others (where the other processes might not be experiments at all), it would not be very hard to reforinulate quantum mechanics as a theory of the macroscopic tout court. And of course, if we had this, it would be very interesting to see how the question of the microscopic realm plays out, of "how far down" the description would extend, and why (as presumably it must) it would fall short of a microphysical theory as well.
But now we must recognize not only that there is no such reformulation, but that there can be no such reformulation, not that preserves the unitary dynamics. For suppose that the state is only an elliptical way of talking about the statistics of possible experiments. It is true that in that case there is no problem with indeterminism, at the level of outcomes, and determinism at the level of the state. But what about the preparation of the state? Here we have no option but to suppose that different singular events, at the level of the statepreparation device, lead to different states. But the indeterministic outcome of an experiment can determine the way that a future state is prepared$ the state too must change indeterministically.
It follows that even when the state only describes the statistics of experimental outcomes, the unitary (deterministic) dynamics cannot possibly be the whole story. If we were to try to reformulate quantum mechanics in this way, as a universal theory, it would no longer be quantum mechanics. This is the measurement problem as it applies to this strategy.
The alternative is the instrumentalism-cum-idealism already reviewed. It is, I think, quite clear that physics cannot really proceed on this basis. To put the point simply, there is no room for heuristics; there is no notion of what physics is to do, of how it is to proceed, or of how we are to think about the microscopic or the macroscopic (we only know how to correlate our procedures). It is in any case not really consistent with what physicists have to do. After all, they must work with the formalism, and in particular make use of the state; there is no option but to engage in a certain practice. And practice, or use, tends to give rise to meaning, or familiarity, or let us say understanding; and since the state appears to describe atoms and electrons and so on, in that its mathematical form depends on quantities like mass, charge, and spin, and on how many systems are involved (and so on and so forth), it is inevitable that this understanding is about the microscopic. Since further the state undoubtedly depends on individual state-preparation events -for without this we have no basis to apply quantum mechanics to any experiment -it is inevitable that the state is associated with the individual microscopic system as well.
The Copenhagen Interpretation
0
N OCCASIONS BOHR HINTED AT THE INSTRUMENTALism just reviewed, but this was not the picture on offer in the early and critical period, when quantum mechanics was newly created, and when the question of whether or not it could be considered fundamental was a matter of urgency (a question that had to be settled).
The most important difference is that indeed the quantum mechanical state describes the individual system. It must be referred to a context of experiment, but it is not defined in terms of the statistics of preparation and detection events. This is the absolutely crucial move: with this, there is a clear notion of "the microscopic system" in place, the proper object of physical inquiry, no matter that there will be a number of constraints on what can meaninghlly be said of it, and of how quantum mechanics is to be applied. With this we know what physics is about, and how it is to go on. Now for the measurement problem on this strategy. A first version is this: microscopic systems (and hence the macroscopic) are in some sense probabilistic. If the state says all there is to say about the microscopic, so that it is a "complete" description of the microscopic, then just so far as there are random microscopic events, then there will be random changes in the state. But if the state obeys the unitary equations of motion, its change is deterministic. It follows that these, the laws of quantum mechanics, cannot be the whole story; either the measurement postulates cannot be separated off from the dynamics, or the state is incomplete.4
Bohr's way out of this dilemma was to confine the probabilistic change to the immediate interface between experiment and microscopic system, whilst taking the notion of "experiment" outside of the bounds of quantum physics altogether. H e further held that there must always be a context of experiment in place. The upshot is that a certain constraint is put in place: quantum mechanics cannot be applied to closed systems. Here "closed" means "free of any external influence"; these external influences (reflecting the experimental context) were not to be described in quantum mechanics at all.
But Bohr did not formulate the Copenhagen interpretation as a response to the measurement problem. Rather, the constraint just mentioned, what I shall call "Bohr's constraint," was supposed to follow from a more hndamental epistemological principle, namely that an objective phenomenon is only defined relative to an observation. In this the notion of "observation" brings with it the notion of "an observer"; concerning this, Bohr held that the observer must be described in terms of classical concepts. I shall call the conjunction of these claims "Bohr's principle of significance" (or "Bohr's principle" for short). We shall shortly see how it is related both to his "principle of complementarity," and to what he called "the quantum postulate."5 For Bohr it was therefore more than satisfactory that the concept of observation should enter into the measurement postulates, although he had no particular inclination to bring in subjective aspects of observation or anything mentalistic. Chiming with this, it was a matter of indifference as to how far the classical description extended. Another key feature of his interpretation was what was left as a brute fact. We first need Bohr's definition of "the quantum postulate": this "attributes to any atomic process an essential discontinuity, or rather individuality, completely foreign to the classical theories and symbolized by Planck's constant of action." With this we can see how these ideas combine, and where Bohr draws the line at what can reasonably be explained:
Now, the quantum postulate implies that any observation of atomic phenomena will involve an interaction with the agency of observation not to be neglected. Accordingly, an independent reality in the ordinary physical sense can neither be ascribed to the phenomena nor to the agencies of observation. After all, the concept of observation is so far arbitrary as it depends upon which objects are included in the system to be observed. Ultimately, every observation can, of course, be reduced to our sense perceptions. The circumstance, however, that in interpreting observations use has always to be made of the theoretical notions entails that for every particular case it is a question of convenience at which point the concept of observation involving the quantum postulate with its inherent "irrationality" is brought in. (op cit p.54).
There is clearly an equivocation as to whence this arbitrariness or "question of conveniencen derives; it is partly because we must use classical notions, and partly because the concept of observation is somewhat vague. But the key point is that there is an "irrational" element to the quantum postulate (a phrase repeated again and again in his writings), which is not to be explained, and which it is not the business of physics to understand.
But why is it not? It might be argued that it is because mentalistic notions are brought in with the concept of observation, outside of the scope of phjrsics;6 or it may be held that because the boundary between classical theory and quantum mechanics is a "question of convenience," there can be no fact of the matter as to what their connection is (this is perhaps Bohr's position). But both positions are clearly dogmatic. A third alternative is on the face of it not of this type: the "irrational element" in quantum mechanics has also been called the "quantum jump," or the "collapse of the wave packet," or "statereduction"; towards the end of his life, Heisenberg favored the view that this is purely epistemic, reflecting only our knowledge of the system. But this is the same position as Einstein; it amounts to the supposition that there is some underlying reality, not described by the state, so that the state is incomplete. Given this, to insist that quantum mechanics is nevertheless a "hndamental" theory, and that we should not look to a deeper level of description (particularly in the sub-atomic or ultra-relativistic regime), is again purely dogmatic.
As it happens, Heisenberg also maintained that there is a transition from "potentiality" to "actualityn in the world, and that this transition "takes place during the act of observation," inventing a sort of mirror-image to state-reduction. But in that case -unless mentality per se is to play a role -the epistemic interpretation of state-reduction is a red-herring (and Heisenberg may as well go for completeness after all). It is to no avail to suppose that the state only describes "potentia" (Heisenberg borrowed the Aristotelian term), for o n "actualization," a new system of "potentia" is set up, hence a new state. So long as this "actualization" is not described by the unitary dynamics, neither is the evolution of the state.7
T o repeat the central point: in Copenhagen philosophy the state is associated with the individual system. Given this, it seems there is no alternative but to say the state is subject to a mysterious process of change, quite different from the usual dynamical evolution, something bound up with observation. The measurement problem is then this: how is it that this state-reduction is not the business of physics? The question appears particularly pertinent insofar as "obse~ation" is understood to be a question of the micro-macro interface, rather than mentality per se. And Bohr's own position pointed in that direction; his "principle of significance" was supposed to be an epistemological principle, whereby we are forced to consider the state in relation to classical concepts, rather than subjective aspects of observation. It is natural to back this up with an analysis of the physics of the macroscopic. After all, under the Copenhagen interpretation, modulo certain constraints, for physics it is business as usual. Bohr has set in motion a program of inquiry that his framework of interpretation cannot properly contain.
The Macroscopic Quantum State
B USINESS AS USUAL I N C L U D E S T H E T H O U G H T T H A T
there are macroscopic events. Pursuit of this thought, understanding that the state describes individual microscopic states of affairs, led to the application of quantum mechanics t o individual macroscopic states of affairs as well. This started quite innocuously, with some exciting experimental physics (superfluidity, superconductivity, the Ising model, phase transitions). The area continued to flourish; nowadays condensed matter physics is much more active than particle physics, and by some is thought the more fundamental. This is the first stage in the unraveling of the Copenhagen orthodoxy.
At this level it is only a shift of emphasis. Nothing in the Copenhagen interpretation prohibited the application of quantum mechanics to large systems. But proceeding in this way -always respecting Bohr's principle, and with it his constraint on the application of quantum mechanics to closed systems -we learn that classical notions are after all not so incompatible with quantum mechanics.
What was at issue with the alleged necessity of classical concepts? According to Bohr this is forced, no matter that they must ultimately be given up, because:
The recognition of the limitation of our forms of perception by no means implies that we can dispense with our customary ideas or their direct verbal expressions when reducing our sense impressions t o order. No more is it likely that the hndamental concepts of the classical theories will ever become superfluous for the description of physical experience. (op cit, p.16).
The stated argument seems quite reasonable, and it was widely accepted. Heisenberg puts the matter like this:
Our actual situation in science is such that we d o use the classical concepts for the description of the experiments, and it was the problem of quantum theory to find theoretical interpretation of the experiments on this basis. There is no use in discussing what could be done if we were other beings than we are. At this point we have to realize, as von Weizsacker has put it, that "Nature is earlier than man, but man is earlier than natural science." The first part of the sentence justifies classical physics, with its ideal of complete objectivity. The second part tells us why we cannot escape the paradox of quantum theory, namely, the necessity of using the classical concepts. (op cit, p.55-6).
But with increasing experience in the treatment of large systems we learn that there is no real difficulty in the treatment of macroscopic systems either. Using only quantum mechanics, we can see that the system has such-and-such properties, where those properties are the familiar classical notions of everyday things. For this we do not need the measurement postulates; it is a consequence of what is sometimes called the "eigenvalue-eigenvector" link, the same principle that is at work when we understand the microscopic state as encoding certain microscopic properties of individual systems, entirely in the framework of pure quantum mechanics.
Of course doing this we will be constrained by the uncertainty relations; we will not arrive at classical properties which involve absolutely precise position and momentum (or velocity). But at the everyday level these imply no new constraints at all on what we see, or even what we (classically) judge to be the case. The uncertainties are minute for ordinary objects; for example, they are already swamped by thermal fluctuations. More prosaically, philosophers have long argued that all our everyday thing-words are vague, along with most of our everyday notions. To suppose that we cannot so much as conceive of objects which do not have absolutely precise properties meets the instant objection that it is hard to see how we can know of any objects which do.
But it does not follow that we can dispense with the measurement postulates, or that we can apply quantum mechanics to closed systems. If we tried to do this, we would have a deterministic development of a macroscopic state. Using the eigenvalue-eigenvector link, we can set this up so that it initially describes (and we can see that it describes) a macroscopic state of affairs, but under the unitary dynamics this description, using the same eigenvalue-eigenvector link, eventually becomes completely unrecognizable.
The problem of measurement takes the strengthened form: macroscopic states of affairs are probabilistic; if there is a quantum mechanical state which is the correlate of a macroscopic state of affairs, then it cannot be subject to deterministic equations of motion.
But does this not reinforce Bohr's point? Indeed, we must take into account "outside observation"; we must take into account his principle of significance. But its function is not quite what it was. Let us grant that the phenomenon is only defined relative to observation. Let us also grant that the observer must be described using classical notions. It no longer follows that that we cannot analyze the latter in quantum mechanical terms; the official argument no longer implies Bohr's constraint. It does not follow that we cannot apply quantum mechanics to closed systems.
We can see the lacuna in the argument in its very first appearance:
On one hand, the definition of the state of a physical system, as ordinarily understood, claims the elimination of all external disturbances. But in that case, according to the quantum postulate, any observation will be impossible, and, above all, the concepts of space and time lose their immediate sense. On the other hand, if in order to make observation possible we permit certain interactions with suitable agencies of measurement, not belonging to the system, an unambiguous definition of the state of the system is no longer possible, and there can be no question of causality in the ordinary sense of the word. The very nature of the quantum theory thus forces us to regard the space-time co-ordinarion and the claim of causality, the union of which characterizes the classical theories, as complementary but exclusive features of the description, symbolizing the idealization of observation and definition respectively. (op cit, p.54, emphasis mine.)
The fallacy occurs in the statement italicized, for there is a missing premise: that observation is always external to the system, not from within the system. But that premise appears quite arbitrary; we can perfectly well incorporate Bohr's principle by considering the observer as internal to the system modeled, to be described in purely quantum mechanical terms. It follows that there is no epistemological reason to rule out the application to closed systems. There is, of course, another reason: the problem of measurement. The logic of Bohr's position is then quite different from what it appears. It is because of the problem of measurement that we cannot apply quantum mechanics to closed systems.
Decoherence Theory
T H E R E I S A N I M P O R T A N T I N S I G H T U N D E R L Yi n g t h e statement of Bohr's just reviewed, that requires a little
experience with the equations to see; it is bound up with the sense in which the coupling of a quantum-mechanical system with another makes for a difference to the application of the measurement postulates, which is completely independent of the strength of the coupling. This "structural difference" concerns interference effects; the way in which phase relationships between components of the state are relevant to ordinary predictions, using the measurement postulates. In terms of the state as a list of numbers, each corresponding to a different probability for the associated experimental outcome, they are essential to the way the same state is written down with a different kind of experiment in mind. If we think of the choice of the kind of experiment as similar to the choice of a coordinate system, or to use the proper term, a choice of "basis," the transformation from one basis to another is only possible by virtue of these phase relationships.
The analogy can be extended. H o w is it that relativistic space-time ("Minkowski spacen) is something-more than a heterogeneous collection of 3-dimensional worlds? But Minkowski space is a metric space; within limits, we can arbitrarily choose what is to count as "space" and what as "time," for this is only a matter of how we set up coordinates on the manifold; there will be equations (coordinate transformations) connecting any such decomposition, with the invariant structure given by the metrical relations. But picking out a privileged decomposition into space and time breaks this symmetry.
It is because of the phase relationships between the components of the state, referred to different bases, that we have a similar symmetry in quantum mechanics. Were these eliminated, this symmetry too would be broken.
The application of quantum mechanics to large systems brought with it new interest in quantitative calculations of these phase relationships, among macroscopically distinguishable states. This has become the business of a new branch of quantum physics, called "decoherence theory," a vigorous and fast growing field. The literature is now enormous; what has become clear is that interference effects between such states become completely negligible in vanishingly short times, for all but the lightest and most weakly interacting systems. More to the point, this is so only with respect to the "correct" choice of states, essentially, those in which the center-of-mass variables have definite values. Equivalently, only with respect to a certain choice of "coordinate system" or basis, do the interference effects become irrelevant. The ultimate origin of this lies in the role that mass plays in the equations, and in the fact that the unitary dynamics is local.
The choice of basis, recall, is what in the instrumentalist interpretation, and what in Copenhagen philosophy, was bound up with the choice of experiment. But here it is a matter of how the macroscopic world is to be described. The macroscopic world is treated as a whole; quantum mechanics is here applied to closed systems. world, all the way down to molecular levels.
There is, however, an important qualification. What we obtain is a superposition of macroscopic states, albeit that the interference effects between them are small. Because they are small, we can if we wish replace this description by a different sort of description, called a "mixed" or "impure" state, where these phase relationships are eliminated altogether. With this the symmetries of the state-space of quantum mechanics are also eliminated. But by a formal application of the measurement postulates -'measuring the macroscopic world,' so to speak -we obtain probabilities which are approximately the same as those obtained using the original pure state. In this sense we can say that the impure state is an "approximation" to the pure state; equally, we can now dispense with the measurement postulates altogether, and interpret the mixture as meaning that one or another of the components "happens," to the exclusion of all others. That is that one or another macroscopic world is "actualized."
We see something similar in relativity. How is it that there is a fact of the matter as to what is "now"? If this fact is objective, and hence intersubjective, it is a fact which breaks the symmetries of Minkowski space. With this we bring in a preferred definition of simultaneity; exactly what is prohibited by relativity.
It seems that this is just what is required if we are to make out a notion of "passage" through time, the sense that there is all that is now, that will shortly be changed into all that was; and we along with it.
There is another way of arriving at a similar result. We can consider the total system as divided into two, one of which involves a small number of massive particles, and the other a large number of much lighter particles. We call them A and B respectively. There is a theorem which says that there is a unique choice of basis, for the total state, such that each component state of A is correlated with one and only one component state of B; the superposition of all these correlated states returns the total state. The new result is this: given that the dynamics is local, and that the two systems are in approximate thermal equillibrium, it follows that each component in that unique choice of basis, at each instant, describes all the particles of A as well-localized, all the way down to molecular levels.* I have of course glossed over a number of important difficulties. With respect to the first kind of result, the so-called "decoherent histories" approach, we do not have any proof of uniqueness. In particular, the mere stipulation that we must choose that basis for which the interference effects are vanishingly small is not enough: we can always choose the basis with the universal state (the "wave hnction of the universe") as one of its members. In that case we obtain a unique and deterministic history, unrecognizable to us. In the second case, the "dynamical decoherence" approach, the argument for uniqueness is much more convincing, but the details of the "preferred basis" thus obtained depend on how the division into subsystems A and B is made out.
In both cases Bohr's principle of significance can also be put in place; as a matter of course, we can suppose that the macroscopic includes "the observer." In the second case it is natural to suppose the observer is a fragment of the subsystem A, with B as the radiation field. But whether the notion of "the observer" is relevant to the details of the distinction between the two subsystems, and whether, in the decoherent histories approach, it is relevant to any additional constraints on how one kind of global decoherence rather than another is defined, remain open questions. In effect the issue is whether the macroscopic world in which we are imbedded is in part defined by our own physical makeup. Of course, what "physical" means here is no longer quite so clear.
The Problem of Measurement.
I T M I G H T N O W B E T H O U G H T T H A T T H E P R O B -
1 e m o f measurement has been solved; certainly the decoherence theory has transformed the situation out of all recognition. On the contrary, I suggest that only with this has it become a problem for physics. What remains of the problem of measurement? Only this: it is by means of an "approximation" that we have passed from a pure state to an incoherent mixture, eliminating all phase relationships. The latter we can interpret as meaning that one or another component of the state has been "actualized," with the elimination of all others. But both steps violate the fundamental quantum mechanical dynamics. The first step involves a "small violation," a sort of scrambling of phase relationships; the latter a massive modification to the state.
The last is our familiar friend, the reduction of state, but the state now extended to the entire universe, a closed system. The measurement problem becomes: is the process of state reduction a physical process? If so, what is its relationship to the unitary dynamics with which we began?
In effect the situation where "there can be no question of causality in the ordinary sense of the world," to use Bohr's words, has or can be formulated as the fundamental dynamics. This strategy has been taken by a small but growing number of physicists: it is called the "GRW proposal." The unitary dynamics is abandoned; certain parameters, that in the decoherence theory vary somewhat with the details of the model, are now to be viewed as new and fundamental constants of nature.9 What replaces the unitary dynamics is a precisely defined stochastic process ("continuous state reduction"), with eminently useful and quite general applications t o experimental physics. The dilemma is all the more bewildering when we recall that the decoherent histories approach has been most extensively developed by quantum cosmologists. The very success of their enterprise appears to call into question the foundations of their discipline.11 Reflecting on the history of the problem of measurement, we see that the key developments all revolve around the notion that the quantum mechanical state is the correlate of individual states of affairs. By a natural and perhaps inevitable progression, this leads to the supposition that there is a quantum mechanical correlate to macroscopic states of affairs. And now it seems that that must be correct; the decoherence theory turns on this, its success cannot be gainsaid. We cannot turn our back on the results that we have obtained in consequence. But we cannot stop with these results either, for we do not understand how the "approximation" involved can be justified, or even what it means.
But what we d o know is that given this supposition, the macroscopic state must change indeterministically, in whatever sense macroscopic states of affairs change indeterministically. But the quantum mechanical evolution is unitary, hence deterministic. The entire structure of quantum mechanics revolves around this. Either the world that we see is not all that there is, or else the equations of quantum mechanics d o not govern the world that we see. Given further that the macroscopic world that we see changes in a non-local and noncovariant way -as follows from all the models presently available -a similar disjunction followsl2: either the world that we see is not all that there is, or else relativity does not hold for the world that we see.
The problem of measurement has finally emerged in its definitive and most virulent form: there is no escape from these dilemmas. But they are dilemmas, and in each case one disjunct is the same: from the point of view of the decoherence theory, based on the unitary laws, we have unitarity, locality and covariance. They hold at the level of the universal state, the superposition of macroscopic states, only one of which is recognizably the world that we see;l3 it is the supposition that one of these is "realized," or "actualized," which breaks the symmetries of quantum mechanics and relativity both at once, and requires a stochastic dynamics in place of the unitary dynamics. This is the motivation for retaining the grand superposition as the fundamental object of physics, the approach that was proposed by Everett.
Philosophy and Physics
I F WE H O L D RELATIVITY A N D Q U A N T U M M E C H
A N I C S t o be fundamental -and we can scarcely d o otherwise -then we must hold the universal state to be the fundamental object of physics. If we hold the world that we see to be the fundamental object of physics -and we can scarcely d o otherwise -then we must hold the stochastic and non-local dynamics to be fundamental.
The dilemma is inescapable, and in a certain sense irresoluble. I doubt that we can return to the instrumentalist interpretation with which we started, and anything less is in a situation of unstable equilibrium. In effect we answer the problem of measurement if we acknowledge that quantum mechanics is not the whole story; if we say there is only a heterogeneous mix of prescriptions. But not only did physics seek for a unified framework (applicable t o closed systems), it was also successful in the search: hence the problem of measurement.
It should be clear that the difficulty began as a question of methodology. Einstein's debate with Bohr was not about the nature of "reality," but a question of how physics was to proceed. As we have seen, Bohr's principal contribution was to make out a sense in which quantum mechanics could be regarded as fundamental, and hence the basis for subsequent research, no matter that on the face of it it could not be the whole story. To d o this, it was necessary to insist that the theory cannot be applied to closed systems; in effect, that we may not seek for a systematic and unified theory. But this was presented as an epistemological constraint, as a matter of philosophy; if he had been correct in this, then no such unified system could have been found. In fact the real force of his argument was that we can avoid the problem of measurement only if we do not apply quantum mechanics to closed systems. Now that we have applied quantum n~echanics to closed systems, we can no longer avoid the problem of measurement.
And it remains a question of methodology. For let us suppose that quantum gravity were a success story; that Hawking were to be proved right, and that the end of physics were to have been achieved. In this we suppose that the fundamental principles of relativity and quantum mechanics are preserved, and that standard quantum mechanics results in a suitable low-energy regime. We then use the decoherence theory t o determine macroscopic histories of the universe, some of which are recognizably in accordance with our everyday grasp of the world, again in an appropriate regime. But now from the point of view of physics it makes no difference whether there is any precise energy conservation along any one of these histories, or whether the selection of any one is in violation of relativity and unitarity. For were we to formulate a stochastic set of equations, in place of the pure quantum mechanics, that would only amount to another way of proffering the same sequences of states, with probabilities attached; the first way we obtain them all at once, and the second way we generate them one by one, making a particular choice, using e.g. a random number generator. It is true that according to the latter procedure, we could deny that other histories, those eliminated by the stochastic state reduction, have any existence; whereas according to the former, it seems there is only the superposition of them all. And it is true that we could then take the operation of the random number generator as a representation of "actualization" and "movement through time," with all that these notions involve. But it would only be a matter of the way in which the same data is presented; one might say according to taste. "All that these notions involve" -but it is all, all of it, metaphysics. One would like to ask: but is energy really conserved, or does relativity really hold, or is there really only the world that we see? But the sense of the word "really" is now wholly philosophical. These questions would have no bearing on how physics is to proceed, for by hypothesis its business would be already done.
But this is not our position. It is because we do not have a successfbl theory of quantum gravity that the situation is a difficulty for physics. The crucial point is this: there is n o reason to suppose that a "correct" theory will be arrived at in the manner just formulated, leaving it as a "matter of taste" as to how the theory is presented, unless it could only be a matter of taste. That is, we cannot presume that there should be two such "empirically equivalent systems of the world," unless we are prepared t o grant that nothing of importance could ride on the matter.
There is no fait accompli; we have to assess these questions as they stand. They are certainly philosophical; to suppose, as has long been the tradition in physics, that it is "only" a matter of philosophy, is to accept now, in advance of the success of otherwise of the program, that it "could only be a matter of taste." And that in turn means that one is prepared to accept an interpretation of Everett-type. That something hangs on the matter is quite obvious: for one who is not prepared to accept such an interpretation, there is no alternative but to hold that however useful the basic concepts of relativity and quantum mechanics, they cannot be taken as fundamental. But then there is good reason to suppose that it is exactly by giving them up, that it is exactly by invoking continuous state reduction, that we may hope to make progress in quantum gravity or grand unification.14 What is required, of physicists, in a purely pragmatic sense, is a kind of metaphysical decision. It plunges physics into a style of metaphysics, and a style of philosophical reflection, that we have not seen since the time of Descartes. I say that the problem of measurement is a matter of methodology: what is extraordinary is the philosophical character of the issues at stake.
It is helpful to get a glimpse of what is involved. We are to suppose that there is only the superposition of all histories; it may be, following Everett, that we are to suppose that the "existence" of the world that we see is somehow relativized to our own "existence." This is familiar from Kant, but now the metaphysics takes an unfamiliar turn;
"What is required of physics, in a pure- but it is like nothing contemplated by philosophers: for all these histories are integrated into a single dynamical object, accommodating probability and time as well. We do not deal with a heterogeneous collection of "worlds," as envisaged by Lewis ("possible worlds semantics"), no more than we deal with a heterogeneous collection of three-dimensional worlds in space-time theory. Probability is defined in purely extensional terms, as a network of relations. Along with time, there are only structural or purely formal desiderata of adequacy: not only is there no picture of how it is that we or our environment can pass from one time to the next, in accordance with these probabilities, but in a certain sense there can be no such picture. It is more than a world sub specie aeternitatus, for it includes all possibility as well; and even here -given that the symmetries of quantum mechanics are not violated -how the various possibilities are to be classified can only depend on how we are ourselves characterized; on what we are or could be.
Many of these notions are strange to philosophy, although they are all clearly philosophical. But there is one important fragment which is familiar: we must make do with only a formal or structural notion of time and personal identity. And it is noteworthy that philosophers have only made tacit appeal to the concept of substance in their treatment of personal identity. Whether because the concept has proved idle, or for some other reason, philosophers have inclined to view personal identity in a more structural sense (e.g. in terms of memory or "psychological continuity").l5 And in connection with tense, we have a familiar metaphysical difficulty every bit as fundamental as modality: the question of whether what is "now" is an objective fact, of how and in what sense there is "passage" through time, appears no less important than the question of whether what "happens" is an objective fact, of how and in what sense there is state-reduction. 16 But I have said enough to make clear the difficulty. It seems we have a God's Eye View fit only for Gods. The scenario is so alien that one is inclined to dismiss it in sheer self-defense. Typically it is also stated that it is unintelligible, but in view of its evident empirical applicability that too is a philosophical thesis.
I have said that this is for physicists to decide; it is unlikely that they will do more than that. Their decision will amount to a choice of strategy. If they continue to work with quantum mechanics and relativity, something like the metaphysics just sketched will be given over to philosophy. If they d o not, it will be for no other reason than that this metaphysics is judged untenable. That would in itself be a remarkable development; on philosophical grounds alone.the basic concepts of the two most fundamental theories of physics will have been abandoned. In either case this metaphysics becomes the business of philosophy. The problem of measurement has long been ignored by physicists, rightly; however they now respond, it can no longer be ignored by philosophy.
Historical Note
